were collected from Genbank for several pairs of species using Entrez (www.ncbi.nlm.nih.gov/Entrez/). Species were chosen for which estimates of the evolutionary divergence date were available from the literature that were not based on a global molecular clock. For mouse/rat, we used the data set described in W. Makalowski and M. S. Boguski [Proc. Natl. Acad. Sci. U.S.A. 95, 9407 (1998) ]. Sequences were aligned as described in (9) . For each pair of genes, we calculated the rates of synonymous and nonsynonymous substitution. To calculate the rate of synonymous substitution, we only used codons that did not differ by a nonsynonymous substitution. We estimated the rate of transition (K ts4 ) and transversion (K tv ) substitution at fourfold degenerate codons using the method of K. Tamura [Mol. Biol. Evol. 9, 678 (1992)], and the rate of transition (K ts2 ) substitution at twofold degenerate codons using the method of M. G. Bulmer, K. H. Wolfe, and P. M. Sharp [Proc. Natl. Acad. Sci. U.S.A. 88, 5974 (1991) ]. These methods take into account base composition bias. For each gene, we then calculated an overall rate of synonymous transition substitution (K ts ) by taking a weighted (by the number of sites) average of the two-and fourfold transition rates, and an overall rate of synonymous substitution (K s ) by summing K ts and K tv . The nonsynonymous substitution rate per codon was calculated as K n ϭ Ϫln(1 Ϫ P n ), where P n is the proportion of amino acids that differ between the two sequences. For each pair of homologous sequences, we calculated the average proportion of transitions (N ts ) and transversions (N tv ) that would change an amino acid. The genomic amino acid (M) and deleterious (U) mutation rates were calculated as M ϭ Z ( K ts N ts ϩ K tv N tv ), and U ϭ M Ϫ ZK n /3, where averages were unweighted averages across genes and Z is a constant that converts the per site estimate to a per genome per generation estimate: e.g., for human/chimpanzee, Z ϭ 2(genomes) ϫ 80,000 (genes) ϫ 1500 (base pairs for a gene) ϫ 25 ( years for a generation)/[12 ϫ 10 6 ( years of divergence)]. In the D. melanogaster/D. pseudoobscura comparison, we restricted our analysis to genes that were greater than 500 base pairs (bp) in length, since the divergence was relatively high ( Table 1) , and synonymous sites were close to saturation, leading to difficulty in accurately inferring K ts ; unfortunately, we were still unable to estimate K ts for two genes, G6PD2 and tpi; these genes were not analyzed. 11. The synonymous substitution rate is correlated to the level of synonymous codon bias in some Drosophila species. This may be due to selection on synonymous codon use or a downward bias in the methods used to correct for multiple hits in sequences with high codon bias. To correct our mutation rate estimates, we calculated the average (across the two species) L †To whom correspondence should be addressed. Email: khahn@scripps.edu biosensor was derived from p21-activated kinase 1 (PAK1) (6, 7), a specific GTP-Rac target protein, it binds to GFP-Rac only when the Rac is in its activated, GTP-bound form, and produces a localized FRET signal revealing the amount and location of Rac activation. Because the p21-binding domain (PBD) contains no native cysteines, a cysteine residue could be introduced at its NH 2 -terminus and then labeled with the cysteine-selective iodoacetamide dye Alexa 546. The distance between the Alexa dye at the NH 2 -terminus of PBD and the fluorophore in GFP was calculated to be 52 Å, on the basis of the efficiency of FRET and assuming random rotation of the fluorophores (Ro ϭ 51, n ϭ 1/4, k 2 ϭ 2/3) (8). When cells expressing GFP-Rac are injected with the biosensor, the changing location of GFP-Rac and the subpopulation of GFP-Rac molecules in the activated, GTP-bound state can be mapped simultaneously. FRET is proportional to the amount of GTP binding, allowing quantitation of changing activation levels. The name FLAIR (fluorescent activation indicator for Rho proteins) refers to this live-cell imaging technique.
FRET between the purified proteins Alexa-PBD and GFP-Rac in vitro was efficient and dependent on GTP-Rac binding. Using fluorescence excitation wavelengths that selectively excite GFP (480 nm), fluorescence emission was monitored while maintaining a fixed concentration of GFP-Rac and varying Alexa-PBD concentrations (Fig. 1B) (9) .
Binding of Alexa-PBD to GFP-Rac resulted in a change in fluorescence intensity of both donor (GFP) and acceptor (Alexa) emission. FRET caused the Alexa (acceptor) emission to increase while the GFP (donor) emission decreased. The ratio of emission at these two wavelengths is a sensitive measure of the PBD-Rac interaction. The corrected Alexa/GFP emission ratio (9) exhibited a fourfold change upon saturation of Rac with GTP (Fig. 1C) . Fluorescence emission changed by Ͻ10% when unlabeled PBD or Rac were used under the same conditions (10), and competition with unlabeled PBD blocked FRET ( Fig. 1B ; inset). Change in emission ratio versus PBD concentration was fit to the Michaelis equation to derive an apparent dissociation constant (K d ) for PBD-Rac binding of 1.1 Ϯ 0.3 M (Fig. 1B, inset) , slightly higher than the values determined for various unlabeled PAK1 fragments (11-13). The apparent guanosine 5Ј-O-(3-thiotriphosphate) (GTP␥S) dissociation constant was determined at saturating Alexa-PBD by fitting the experimental data to the Michaelis equation (Fig. 1C) . The derived value of 47 Ϯ 9 nM is consistent with the previously reported value of 50 nM (14). This validated the application of FLAIR as an indicator of biologically relevant Rac-nucleotide binding.
Quiescent Swiss 3T3 fibroblasts that are stimulated with either serum or platelet-derived growth factor (PDGF) initiate membrane ruffling and transcription through activation of Rac (15, 16) . To monitor the amount and location of Rac activation during this process, the intracellular concentrations of Alexa-PBD and GFP-Rac that altered normal serum-induced ruffle formation were first determined (17) (Fig. 2, A and B) . Exogenous proteins were added below these concentrations throughout the studies. Image triplets of GFP, FRET, and Alexa fluorescence were taken at each successive time point before and after stimulation (18) to simultaneously monitor both the changing localizations of GFP-Rac and the amount and location of Rac activation (Fig. 2, D through  F) . GFP-Rac fluorescence revealed pools of Rac at the nucleus, in the juxtanuclear region, and in small foci throughout the cell prior to stimulation. Confocal and deconvolution imaging showed nuclear Rac to be concentrated at the nuclear envelope, and expression and immunostaining of epitope-tagged Rac indicated that this localization was not an artifact of GFP tagging (10). Addition of PDGF or serum led to formation of moving ruffles containing GFP-Rac throughout the cell periphery within 2 min. The FRET images showed a stark contrast between the amount of Rac activation in the ruffles and the nucleus. No FRET was seen at the nucleus despite the high concentration of Rac there, while the moving ruffles showed the highest FRET, restricted to the ruffle. Thus, Rac activation is FRET produces a unique fluorescence signal because excitation of GFP leads to emission from Alexa as energy is transferred from the excited GFP fluorophore to the nearby Alexa dye (30) . This FRET can be measured within a living cell to map the distribution and amount of Rac-GTP binding. By imaging the cell with different wavelengths, both the distribution of Rac and Rac activation can be studied in the same cell. GFP excitation and emission are used for overall Rac distribution, whereas GFP excitation and Alexa emission are used for FRET. (B) Fluorescence emission from solutions containing 100 nM GFP-Rac bound to GTP␥S at different concentrations of Alexa-PBD. Excitation at 480 nm was used for selective excitation of GFP, and direct (nonFRET ) excitation of Alexa was subtracted from these spectra (9) . In the absence of Alexa-PBD, the emission from GFP ( peak at 508 nm) is maximal and no Alexa emission ( peak at 568 nm) is observed. Binding of Alexa-PBD to Rac-GFP leads to FRET, producing increasing emission at 568 nm and a decrease at 508 nm. The inset shows variation of the 568-nm/508-nm emission ratio as a function restricted to the site of actin polymerization, independent of the overall distribution of Rac. Rac activation remained tightly correlated with the position of the ruffle even as it moved throughout the cell (10), indicating that structures specifically associated with the ruffle were either binding and concentrating activated Rac or that growth factor-induced Rac activation was specifically localized to ruffles. FRET was also imaged in cells expressing a GFP fusion protein containing a mutant form of Rho, a close relative of Rac that does not bind PBD. This GFP-Rho Q63L mutant, which generates high levels of GTPbound protein, produced specific Rho localizations but no corresponding FRET signals (Fig. 3A) . The function of Rac found at the nuclear envelope remains uncertain, but it may be involved in regulating transcription at times later than those tested here, or may be activated for an unknown role by other stimuli. When activation was concentrated in a small area such as a ruffle, spatially resolved FRET could detect significant activation changes too small to appreciably alter the overall levels of cellular Rac activity. Our data showed that FRET provided much greater sensitivity and selectivity than following Rac activation simply by imaging Alexa-PBD localization (Fig. 3B) . FRET produced much lower backgrounds and provided complete selectivity despite the fact that the biosensor can bind to multiple proteins (Alexa-PBD also binds to cdc42 and other Rac isoforms). Although Alexa-PBD could be sterically hindered from reaching Rac in some locations, a FRET signal in a given location does reveal that Rac activation is occurring there.
Rac is essential for the directed movement of Dictyostelium cells during chemotaxis and [amount determined on the basis of (GFP intensity)/(cell area)] were scored for membrane ruffling (17, 18) . Each point represents an individual cell, placed in the higher (Ruffling) or lower (Nonruffling) row depending on whether ruffling was induced. There is a GFP concentration below which ruffling was consistently not induced by expression of wild-type GFP-Rac. Only cells with Rac expression levels below 250 intensity units on this scale were used in biological experiments. The validity of this approach was supported by scoring of GFP-RacQ61L, which showed ruffle induction at much lower levels of expression. (B) To determine the amount of intracellular Alexa-PBD that perturbs normal serum-induced ruffling, cells were scored as in (A). Only cells with Alexa-PBD expression levels below 400 intensity units on this scale were used in biological experiments. (C) Color scale for the intensity of FRET or GFP fluorescence for all images. Red represents high and blue is low. The numerical values for the scale are given in the figure legends. (D) Rac localization (GFP-Rac) and Rac activation (FRET ) before and after stimulation of quiescent Swiss 3T3 fibroblasts with serum (lower images are 3 min after serum addition; cell edge visible to the right and nucleus labeled "N"; bar, 17 m) (17, 18) . The cells showed highest accumulation of Rac at and around the nucleus before stimulation (GFP-Rac image). Serum addition generated multiple moving ruffles that showed FRET, whereas no FRET was seen at the nucleus before or after stimulation. Nuclear GFP-Rac associated with the nuclear envelope (see text). In the GFP-Rac images, intensities range between 300 and 1100. The image of FRET before serum addition is scaled to demonstrate the low levels of FRET, with values ranging between 0 and 15. Fig. 2D is shown here in close-up, visualized using FRET, or using simple Alexa-PBD localization (18) . Even though scaling in the Alexa-PBD image is optimized for detection of the ruffle, the high background due to unbound PBD cannot be eliminated, and binding to other target proteins is not eliminated as it is in the highly specific FRET signal. Without prior knowledge of the ruffle's location, this localization would have been difficult to discern. Color scale for the intensity of FRET or GFP fluorescence is the same as in Fig. 2C. for extension of the cell anterior during motility (19) . To determine if Rac activation in polarized, motile cells occurred in particular subcellular localizations to regulate localized actin behaviors, FLAIR was applied to a monolayer of confluent Swiss 3T3 fibroblasts in which a wound was scraped, causing cells to become polarized and move into the open space (20) . FLAIR revealed highest Rac activation in the juxtanuclear area, and a gradient of Rac activity highest near the leading edge and tapering off toward the nucleus (Fig. 4A) . The gradient correlated with the direction of cell movement. The difference in Rac activity between the rear of the cell and the leading edge where activity was highest was examined for 16 cells [activity measured in squares 3 m on a side; percent gradient ϭ 100 ϫ (front -back)/back]. Of 16 cells examined, 12 had higher Rac activity at the leading edge (gradient of 128 Ϯ 51%, mean Ϯ standard error) and four showed a reverse gradient of much smaller magnitude (9 Ϯ 4%). The gradient was broader than the narrow area at the leading edge where actin polymerization occurs (21, 22) . Rac activation over this broad gradient could activate multiple downstream effectors known to be required for motility, to depolymerize fiber networks for monomer recycling or deliver molecules to the leading edge (22) . Other studies have shown tight localization of molecules downstream of Rac at the leading edge or in regions immediately behind it to regulate a variety of functions associated with motility (23) . No Rac activation gradient was seen in cells within the monolayer, away from the wound edge. Of 10 cells examined, three showed no discernible FRET, and seven showed FRET around the cell periphery, either in isolated spots (four cells) or uniformly around the edge (three cells, Fig. 4B ).
The prevalence of Rac activation around the nucleus was quantified in 16 cells. All cells showed both juxtanuclear and nuclear GFP fluorescence. Of these, 14 showed juxtanuclear FRET, and none showed nuclear FRET. Notably, small areas of the nucleus sometimes showed a FRET signal, but these could be due either to cytoplasmic Rac associated with the nuclear envelope or to juxtanuclear localizations lying over the nucleus. The localization of activation within the juxtanuclear Rac often did not parallel Rac distribution, with "hot spots" of FRET within areas of lower Rac concentration. The meaning of the juxtanuclear Rac localizations is unclear, but their morphology and distribution suggests activation within the endoplasmic reticulum (ER), golgi, or vesicle populations, consistent with recent reports suggesting an important role for Rac in ER to golgi transport, and in pinocytic vesicle cycling (2) .
Quantifying the spatial distribution of Rac signaling in living cells indicated that Rac activation was tightly coupled to small membrane ruffles, yet was broadly distributed as a gradient at the leading edge of motile cells. This suggests that the cell uses different distributions of activated Rac to produce specific cellular behaviors. Rac and other GTPases are not simple binary switches, but different kinetics of activation produce profoundly different results (24 ) . FLAIR may also be used to examine the kinetics of rapid activation changes, and the approach can potentially be applied to many other types of protein behavior. single cysteine added in the penultimate NH 2 -terminal position, was expressed as a COOH-terminal 6His fusion protein from the pET23 vector (Novagen) and purified from Escherichia coli strain BL21DE3 using Talon metal affinity resin (Clontech). All GFP constructs were prepared using the EGFP mutant (25) . GFP-Rac fusion and wild-type Rac for in vitro studies were also expressed as 6His constructs and purified using a similar procedure. Purified protein was dialyzed against 50 mM sodium phosphate ( pH 7.8), and labeled with seven equivalents of Alexa 546 maleimide (Molecular Probes) at 25°C for 2 hours. The conjugate was purified from unincorporated dye by G25 size exclusion chromatography followed by dialysis. The dye:protein ratio was between 0.8 and 1.3, as determined from absorbance of the conjugate at 558 nm (Alexa 546 extinction coefficient 104,000 M Ϫ1 cm Ϫ1 ) and 280 nm (PBD, extinction coefficient 8250 M Ϫ1 cm Ϫ1 plus Alexa absorbance, determined as 12% of the absorbance at 546 nm). Protein concentration was also independently determined using a Coomassie Plus protein assay (Pierce) and SDS-PAGE calibration with known concentrations of bovine serum albumin. Cerione, Biochemistry 35, 4602 (1996). 9. Purified GFP-Rac (200 nM) was bound to varying concentrations of GTP␥S or GDP at low magnesium by 30 min incubation at 30°C (26), using nucleotide equilibration buffer: 50 mM tris-HCl ( pH 7.6), 50 mM NaCl, 5 mM MgCl 2 , 10 mM EDTA, and 1 mM dithiothreitol. Equal volumes of Alexa-PBD in the same buffer were added to the GFP-Rac solution, and fluorescence emission spectra (500 to 600 nm) were acquired at room temperature and 480 nm excitation. Concentrations Cells were induced to move by scraping a wound in a cell monolayer (20) . The highest concentration of activated Rac1 was seen in the juxtanuclear region, and a gradient of Rac activation was also observed, highest near the leading edge and tapering off toward the nucleus. Color scale for the intensity of FRET or GFP fluorescence is the same as Fig. 2C . FRET intensities are 0 to 18 (top image) and 0 to 32 (bottom image). In the GFP images, intensities range from 98 to 700 (top image) and 100 to 1100 (bottom image). (B) Example of a cell in the monolayer, away from the wound. In such cells, FRET was either not detected or found around the cell edge. (GFP intensities ϭ 0 to 1023, FRET intensities ϭ 0 to 10).
were corrected for twofold dilution upon Alexa-PBD addition. Alexa-PBD concentrations were either varied as shown, or maintained at 1 micromolar when saturating Alexa-PBD was required. The spectra shown were corrected for direct excitation of the Alexa fluorophore by acquiring spectra of Alexa-PBD alone at equivalent concentrations, and subtracting these from spectra shown in Fig. 2 (5). Cells expressing the GFP-Rac were then microinjected with 100 mM Alexa-PBD. This concentration produced the appropriate levels of intracellular PBD (Fig. 2B ) after the material was diluted when it entered the cells. Cells were mounted in a heated chamber on a Zeiss Axiovert 100TV microscope and maintained in Dulbecco's phosphate-buffered saline (DPBS) (Gibco) to reduce background fluorescence. Cells were then stimulated by replacing the media with DPBS containing 10% FBS or 50 ng/mL PDGF. Images were obtained every 30 s using a Photometrics PXL-cooled CCD camera with 1 ϫ 1 or 3 ϫ 3 binning, and a Zeiss 40ϫ 1.3 NA oil-immersion objective. Fluorescence filters from Chroma were as follows: GFP: HQ480/40, HQ535/ 50, Q505LP; FRET: D480/30, HQ610/75, 505LP; Alexa: HQ 545/30, HQ 610/75, Q565LP. Cells were illuminated using a 100-W Hg arc lamp. Exposure times for 3 ϫ 3 binning were: GFP, 0.1 s; Alexa-PBD, 0.1 s; and FRET, 0.5 s. For 1 ϫ 1 binning, exposure times were: GFP, 1 s; Alexa-PBD, 1 s, and FRET, 5 s. 18. Images were first background-subtracted and registered to ensure accurate pixel alignment. The GFP-Rac image was then thresholded, changing the intensities of all pixels outside of the cell to zero. Thresholding was based on the GFP image because it had the largest signal-to-noise ratio, providing the clearest distinction between the cell and background. The thresholded GFPRac image was used to generate a binary image with all values within the cell ϭ 1 and all outside ϭ 0. The FRET and Alexa-PBD images were multiplied by the binary image, ensuring that the same pixels were analyzed in all three images. Emission appearing in the FRET image from direct excitation of Alexa and GFP was removed by subtracting a fraction of the GFP-Rac and Alexa-PBD images from the FRET image. This fraction depended on the filter set and exposure conditions used. It was determined, as described in detail elsewhere (27) , by taking images of cells containing only GFP-Rac or Alexa-PBD alone, and quantifying the relative intensity of emission in the FRET channel and that in the GFP or Alexa-PBD channel. A broad range of intensities was examined and a line was fit to these for accurate determinations. These corrections had to be applied carefully when studying rapidly moving objects such as ruffles. If the ruffle moved between acquisition of the FRET, GFP, or Alexa images, the subtractive correction process would remove light from the FRET image in the wrong place, generating artifactual FRET localizations.
